maximization in crop production. In Nebraska, where maize yields oft en exceed 15 Mg ha -1 nowadays, K recommendations were based on research conducted when the mean maize grain yield was <5 Mg ha -1 (Wortmann et al., 2009) . Th ere are few reports about rational K recommendation in the North China Plain under a high-yielding maize production system.
Th e overall goal of this study was to develop a K fertilizer recommendation and evaluation system for high grain yield. High-yielding cropping practices were devised to increase yield, and these practices included increased rates of N and P application, split-applications of N fertilizer, adjustment of row spacing, and application of micronutrient fertilizer. Our specifi c objectives were: (i) to determine yield response to K fertilizer as aff ected by conventional as well as high-yielding production practices; (ii) to quantify the eff ects of K fertilization on N and P use effi ciency; and (iii) to evaluate K fertilizer recommendations based on soil nutrient balances and economic profi ts from high-yielding production practices.
MATERIALS AND METHODS

Experimental Sites
Th e climate of the NCP is warm-temperate, subhumid, continental monsoon, with cold winters and hot summers. Th e annual cumulative mean temperature for days with mean temperatures >10ºC is 4326.6ºC averaged for 45 yr from 1961 to 2005 (Tan et al., 2010) , and the annual frost-free period is 175 to 220 d. Summer maize is normally planted in the middle of June, aft er the harvest of winter wheat, and is harvested at the end of September. About 70 to 80% of the annual precipitation is concentrated during the summer maize-growing season from June to September. Th is would correspond, for example, to an average of about 482 mm yr -1 at the Luancheng AgroEco Experimental Station of the Chinese Academy of Sciences, located in the central part of the plain, for the years between 1982 and 2002 . Th e amount and distribution pattern of rainfall vary widely from year to year, however, as aff ected by the continental monsoon climate. Th e maize crop receives no irrigation except in extreme drought years.
Th e fi eld experiments were conducted in four farmer fi elds at Dajin (DJ), Shuitun (ST), and Qingyuan (QY1 and QY2) in 2005 and in three additional farmer fi elds at Laiyang (LY), Qingyuan (QY), and Zhengding (ZD) in 2006. Th e locations and characteristics of the seven experimental site-years are provided in Table 1 .
Experimental Design
At each site, a factorial experiment was conducted in a splitplot randomized complete block design with three replications.
Factors were production practice (two levels) and K application rate (three levels). Main plots were production practice, including CP and HP. For CP, farmers were interviewed and production practices typical for the local area were followed, including selection of the maize cultivar, plant density, plant spacing, and fertilizer rate. High-yielding practices included increased chemical N and P inputs at all sites other than LY; split application of N or K fertilizer at ST, DJ, and LY; and the use of planting of alternating wide and narrow rows and the application of microelements at LY. Th e diff erences in production practices are listed in detail in Table 2 . Th e subplots (50 or 60 m 2 ) were K application rate: K0 (control, no K applied), K1 (medium rate), and K2 (high rate), with K1 and K2 being site specifi c (Table 2) depending on the crop yield history and experimental conditions. Table 2 provides treatment details for each site. Fertilizers applied were urea (46% N), diammonium phosphate (48% P 2 O 5 and 16% N), and muriate of potash (60% K 2 O). All sites had winter wheat as the preceding crop.
Sampling and Measurement
At maturity, 10 plants from each plot at all sites were randomly selected for a separate harvest that was used for the determination of biomass. Th e aboveground parts of the maize plants were divided into two parts: the grain and the rest of the aboveground plant (including stalk, leaves, husks, and cobs). Samples were fi rst dried at 105ºC for 30 min to stop biological enzyme activity and then at 70ºC to constant weight. Aft er grinding, the dried material was passed through a 0.5-mm sieve. Th e aboveground biomass per hectare was calculated based on the dried plant samples.
To determine the grain yield, all maize plants in a 6-m length of the three center rows in each subplot were hand harvested, and the yield was calculated from the air-dried grain of the sample ears. Th e harvest index (HI) was calculated as the fraction of grain dry matter divided by the total aboveground biomass on a hectare basis.
About 0.25 g of the ground plant samples was digested in 70% concentrated H 2 SO 4 and 30% H 2 O 2 following the procedure outlined by Bao (2000) . Th e K concentrations were determined with a fl ame spectrophotometer (Cole-Parmer 2655-00, Vernon Hills, IL). Total K uptake per plant was calculated by multiplying the concentration and aboveground biomass for all plots.
Partial factor productivity was obtained to indicate the nutrient use effi ciency of the applied N, P, and K, and was calculated as grain yield (kg) per unit (kg) of N, P 2 O 5 , and K 2 O applied. In addition, the K use effi ciency was also assessed by: (i) agronomic effi ciency (AEK), calculated as the increase in grain yield from applied nutrients relative to the control 
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where GY i is the grain yield (kg ha -1 ) of the ith treatment (i = 1-6), GY CK is grain yield of the control treatment subjected to the same production practice (kg ha -1 ), U i is K uptake in the ith treatment (kg K 2 O ha -1 ), U CK is K uptake in the control treatment under the same production practice (kg K 2 O ha -1 ), F K2O is the amount of K 2 O applied in the ith treatment (kg K 2 O ha -1 ), and K soil is the K supplied by the soil (kg K 2 O ha -1 ), i.e., the amount of K supplied to the crops by the soil when no K fertilizer was applied, which is equal to U CK in the control treatments. Soil samples were collected at all sites before the start of maize sowing. Composite soil samples (10 cores per site) were collected from the 0-to 30-cm depth for separate analyses. Th e samples were dried at 40ºC and crushed to pass through a 2-mm sieve for chemical analyses. Organic matter, total N, available N, available P, exchangeable K, slowly available K, and pH were determined for each site following procedures recommended for the North China Plain by Bao (2000) .
Organic matter was analyzed by the chromic acid titration method, total N by the Kjeldahl method, available N by the alkali hydrolysis and diff usion method, available P by the NaHCO 3 method, exchangeable K by the HN 4 OAC extraction and fl ame photometer method, and slowly available K by the hot HNO 3 extraction and fl ame photometer method. Soil pH was determined with a pH electrode at a soil/water ratio of 1:2.5. Th e partial K balance (kg K 2 O ha -1 ) in the soil was defi ned as the quantity of K fertilizer applied minus the quantity of K removed by the maize plants (grain and straw); no other inputs or outputs were considered.
Th e economic profi t from applied K (EPK) was calculated as the diff erence between the income through maize yield increments relative to the control subjected to the same production practice and the cost of K fertilizer. Th e value cost ratio (VCR) of the applied K was defi ned as the ratio of the income through yield increments relative to the control subjected to the same production practice and the cost of additional K fertilizer, calculated as ( )
where P g is the price of maize grain at a specifi c site (yuan kg -1 ), F K is the amount of K fertilizer applied (kg ha -1 ), and P F is the price of K fertilizer at a specifi c site (yuan kg -1 ).
Statistical Methods
A two-way ANOVA was used to test for main eff ects and interactions between production practices and K application rates. A one-way ANOVA was used to test for the PFP of P fertilizer at four site-years (QY1, QY2, QY, and ZD). Th e SAS System for Windows, Release 8.2 (SAS Institute, Cary, NC) was used for all statistical analyses. 
RESULTS
Yield Response and Potassium Uptake
For grain yield, a signifi cant positive response to K fertilization was obtained under both CP and HP at all site-years except for ST in 2005 (Table 3) . Overall, K fertilization increased grain yield and biomass by 7.2 to 26.8% and 2.6 to 21.9%, respectively, under CP and by 9.9 to 29.7% and 5.1 to 24.9%, respectively, under HP. Th e greatest grain yields were obtained at the higher K rate (K2) at all except two sites (DJ and LY); at those two site-years, grain yields were slightly less for the K2 than for the K1 treatment. Th e increases in grain yield and biomass yield relative to the corresponding control were higher under HP than CP (Table 3) . On average, maize biomass and grain yield were enhanced signifi cantly by the increase in applied K fertilizer, and HP surpassed CP during all seven site-years (Table 3) . Th e HI was not signifi cantly aff ected by production practice at any site or by any K fertilization level at four site-years under CP or at six site-years under HP (Table 3) .
Potassium fertilization signifi cantly increased the grain K concentration at four of the seven site-years under CP and at six of the seven site-years under HP; K concentrations in stalks were also enhanced by K application at four of the seven site-years under both CP and HP (Table 4) . At two site-years (QY1 and QY), the grain K concentration under CP was signifi cantly higher than under CP, and the same results were found at LY in terms of straw K concentration. Th e straw K concentration was higher under HP than CP at two of the seven site-years. At the medium K rate, the K uptake (kg ha −1 ) into the aboveground biomass was higher than the control at four of the seven site-years under CP and six of the seven site-years under HP (Table 4) . Potassium uptake was greater for K2 than K1 at four of the seven site-years under CP and fi ve of the seven site-years under HP. Potassium uptake was greater under HP than CP at four of the seven site-years (Table 4) .
Nutrient Use Effi ciency
Potassium use effi ciency decreased signifi cantly with increasing K application whether under CP or HP at all site-years except for DJ and LY under CP (Table 4) ; HP outperformed CP at two siteyears (QY2 and LY) ( Table 4 ). At the medium K level, K fertilization apparently enhanced the PFP of N, compared with the control that received no K fertilizer, at fi ve of the seven site-years under CP and all site-years under HP (Table 5 ). For the K2 treatments, the K supply increased the PFP of N signifi cantly at all sites under CP and HP except at ST under CP (Table 5 ). Under HP, K fertilization also apparently enhanced the PFP of P, compared with the control, at fi ve of the seven site-years for the K1 treatment and at all sites for the K2 treatment (Table 5) . Th e PFP and agronomic effi ciency of the applied K (PFPK and AEK, respectively) were increased at fi ve of the seven site-years and four of the seven siteyears, respectively, under HP compared with CP at the same K level (Table 5) . Whether under CP or HP, the PFPK at all sites declined signifi cantly with increased K levels but for the AEK there were no consistent results between K levels. On average, HP surpassed CP with regard to PFPK and AEK across the seven site-years (Table 5) .
In this study, REK ranged from -11.9 to 37.9%. Under the K1 and K2 treatments, REK averaged 0.18 and 0.21, respectively, Maize grain yield, biomass, and harvest index (HI) as affected by K fertilization under conventional (CP) and high-yielding  (HP) production practices with no (K0), medium (K1), and high (K2) (Table 5) . Th ere were no signifi cant diff erences for REK between K levels and production practices but, on average, HP outperformed CP for the REK across the seven site-years (Table 5) .
Economic Performance and Soil Potassium Balance
In general, the medium K rate (K1) led to economic profi ts at all sites in both years and under both production practices, ranging from 259 to 1913 yuan ha -1 (Table 6 ). Economic profi ts were signifi cantly higher under HP than CP at fi ve of the seven site-years. On average, HP outperformed CP in terms of economic profi t across the seven site-years but there were no signifi cant diff erences between the K1 and K2 treatments within the same production practice.
In all cases, the VCR under HP was equivalent to or greater than under CP. Th e VCR values were signifi cantly higher under HP than CP at four of the seven site-years. On average, the VCR was signifi cantly higher under HP than CP (Table 6) .
Negative partial K balances were found for all K0 and K1 treatments in both years and production practices at all sites (Fig. 1) . Positive partial K balances were obtained only under the high-K treatments (K2) at ST under both HP and CP in 2005 and at LY under CP in 2006.
DISCUSSION
In this study, at all site-years except for ZD in Hebei Province, HP signifi cantly improved maize grain yield compared with CP (Table 3) . At all sites and in both years and with both production practices, maize grain yield and biomass responded positively to K application; the positive responses ranged from 2.6 to 29.7% (Table 3) . Maize grain yield increased signifi cantly in response to K fertilization at six of seven site-years under CP and at all sites under HP (Table 3) . On average, maize grain yield increased by 9.9 and 14.9% under CP and by 15.7 and 21.0% under HP at the K1 and K2 levels, respectively (Table 3 ). In general, HP surpassed CP in terms of maize yield increases in response to K application. Changes in the dry matter of stover as aff ected by K fertilization were not consistent with the grain yield at ZD in 2006 (Table 3) . Th e same results were shown by Heckman and Kamprath (1992) , whose trials were conducted on sandy Coastal Plain soils with lower K buff er capacity. Grain yields were not increased by K fertilization, although stover yields were increased in 2 yr due to the decrease in the HI for K application (Heckman and Kamprath, 1992) . In our study, however, there were no consistent changes in the HI due to K application. At ST, in Shandong Province, application of K did not signifi cantly increase maize grain yield relative to the control under CP (Table 3 ), indicating that the limiting factor was not K.
Recent research has shown that yield responses to K fertilization are related to the exchangeable K content of the soil and to the soil texture. In sandy Coastal Plain soils, yield increased linearly with K rates up to 135 kg K 2 O ha -1 when the initial exchangeable-K level was 0.21 cmol L -1 (Heckman and Kamprath, 1992) . Potassium did not improve maize yields if soil-test K measurements were greater than approximately 180.7 mg K 2 O kg -1 (Rehm and Lamb, 2004 ). In the current study, available K in the soils at all sites was <150 mg kg -1 and affected by no (K0), medium (K1), or high (K2) K fertilization rates under conventional (CP) or high-yielding (HP) even <100 mg kg -1 at fi ve of the seven site-years (Table 1) . Brown soil is one of the soils with a low exchangeable-K concentration in the NCP (Xie, 2000) , and signifi cant yield increases resulting from K fertilization could be explained by the relatively low K concentrations in this soil. Some studies have reported, however, that K fertilization increased yields in several soils that tested optimum or higher in soil-test K (Mallarino et al., 1999; Borges and Mallarino, 2001) . Similarly, in the present study, a significant and positive response to applied K occurred at DJ in 2005 (Table 3) , where the available-K concentration in the soil was high (144.9 mg K 2 O kg -1 , Table 1 ), under both CP and HP. In addition to soil K content, the application method and other management practices (tillage) could infl uence the response of maize to applied K. In the present study at LY, Shandong Province, in 2006, the split application of K fertilizer as basal and topdressing increased maize yield under HP (Table 2) . Vyn and Janovicek (2001) showed that maize yield response to starter K was greater under no-till than conventional tillage. In this study, HP exceeded CP at all sites in terms of response of maize grain yield to K fertilization (Table 3) .
Many long-term experiments have shown that a balanced supply of N, P, and K can increase crop yield (Wang et al., 2007) . Th e yield response to K uptake depends to a great extent on the level of N nutrition, and this interaction is normally positive (Bruns and Ebellhar 2006) . Optimal N/K ratios favor healthy plant growth and development, whereas an imbalance of N and K supply results in maladjusted plant growth (Xie, 2000) . At DJ, under both production practices, maize grain yield was the highest in the K1 treatment and then decreased in the K2 treatment (Table 3) . At LY, however, although the N fertilization rate was lower under HP than CP (Table 2) , yields were higher under HP than under CP. Th ese results indicate that the quantity of N fertilizer applied by local farmers had exceeded the optimal amounts, as has been reported previously by Ju et al. (2009) . Th is may have caused an imbalance in the N/K ratios. At all sites, except for LY in 2006, the N inputs were higher under HP than CP (Table 2) . Maize plants whose yields had increased because of N application required more K under HP. According to Gething (1993) , N × K interaction eff ects are greater as yield increases. Th is may be one of the primary reasons for the greater response to applied K under HP than CP. Interactions between P and K were clearly evident in the current study and in a previous study (Xie, 2000) , as were interactions between K and microelements. At LY, Shandong Province, ZnSO 4 fertilizer application was included as part of the HP (Table 2) , and the addition of ZnSO 4 may be one reason for the better yield responses under HP than under CP.
Balancing the N/P/K ratio by increasing the input of K fertilizers is a practical way to improve N agronomic effi ciency and to minimize the environmental impacts of N fertilization (Zhu and Chen, 2002 ). It appears that K application alleviates the N Table 5 . Partial factor productivity of applied N, P, and K (PFPN, PFPP, and PFPK, respectively, expressed in terms of K 2 O), K agronomic effi ciency (AEK), and K apparent recovery effi ciency (REK) as affected by no (K0), medium (K1), or high (K2) K fertilization rates under conventional (CP) or high-yielding (HP) production practices. pollution problem by inducing a higher rate of N fertilizer uptake by crops (Ardjasa et al., 2002) . In the present study, the average PFP of N increased 9.8 and 15.8% under CP and 15.9 and 21.1% under HP at the K1 and K2 levels, respectively (calculated from data in Table 5 ). In general, the PFP of N was improved with the increased K input under the same production practice, which indicates positive interactions between N and K (Table 5) . Likewise, the PFP of P showed the same trend at most sites because of a positive interaction between P and K (Table 5) . Under HP, the PFP of N and P were inferior to the values under CP as a result of increasing N and P inputs under HP (Table 5) . Relative to CP, HP enhanced the KUE, including PFPK, AEK, and REK, on average, because of the better yield responses under HP (Table 5) . Moreover, the KUE was also improved by HP compared with CP at six of the seven site-years at the K1 level (Table 4) . Th e biological yield is the main factor that determines the amount of minerals absorbed by crops (Osaki et al., 1991) . Increased yields, improved management of production factors other than fertilizer (planting system), and improved N and K management contributed to the improvement in nutrient use effi ciency. Intensive crop production in combination with unbalanced fertilization has already resulted in depletion of soil K across large areas of China (Jin et al., 1999; Yang et al., 2004) . In the present study, at all sites and in both years and under both production practices, K defi cits in the soil were serious (Fig. 1) . Defi ciency of K in crop production usually appears following increases in N and P fertilizer applications and neglect of K fertilization (Ju et al., 2005) . Our results suggest that K fertilization at rates of 75 to 240 kg K 2 O ha −1 would greatly mitigate the present depletion of soil K (Fig. 1) . Moreover, economic profi ts under HP were higher than under CP, on average, across seven site-years (Table 6 ).
Th erefore, farmers who are using HP (including the application of high rates of N and P fertilizers) must pay attention to the K fertility of their soils for sustainable crop production. Th e K uptake by maize straw relative to the whole plant was about 80% (calculated from data in Tables 4 and 5 ) and was not infl uenced by K fertilization. Returning maize stalks to the land would be an eff ective way to improve the K fertility of soils.
CONCLUSIONS
In conclusion, maize yield response and economic profi t from applied K were greater under HP than CP at most sites in this study. On average, maize grain yields were enhanced by 9.9 and 14.9% under CP and 15.7 and 21.0% under HP at the K1 and K2 levels, respectively. Yield response to K application under HP was an integrated eff ect that involved soil conditions, nutrient management, and planting systems.
Nutrient use effi ciency of N and P were improved by K application, especially under HP. On average, the PFP of N increased by 9.8 and 15.8% under CP and 15.9 and 21.1% under HP for the medium-and high-K treatments, respectively. Overall, HP improved the PFPK, AEK, and REK. Our data suggest positive interactions among K fertilization and other high-yielding production practices. Negative K balances were observed in all of the control and medium-K treatments in both years and under both production practices, especially under HP. In intensive agriculture in the NCP, which has soils with higher K content relative to South China, optimal K fertilization and other practices such as returning straw to the soil and applying manure to improve the K fertility of soils are essential for obtaining high and sustainable grain yields.
